The optical transitions in InGaN/AlGaN single quantum wells ͑SQWs͒ grown by metal-organic chemical vapor deposition have been studied. The spectral lineshape and the recombination dynamics of the optical transitions have been systematically investigated at different conditions. It was found that the main photoluminescence ͑PL͒ emission line in these SQW was contributed predominantly by the localized exciton recombination. However, time-resolved PL results revealed the presence of a band-to-impurity transition which cannot be resolved spectroscopically from the localized exciton transition line due to the broad emission linewidth.
I. INTRODUCTION
The group III-nitride wide band gap semiconductors have attracted much attention recently because of their potential for many applications such as blue/UV light emitting diodes ͑LEDs͒, laser diodes ͑LDs͒, and high-temperature and highpower electronic devices. 1 In particular, InGaN has the advantage of tunability of the energy gap, allowing greater control over the spectrum of emitted light from visible to near UV. InGaN/AlGaN single quantum wells ͑SQWs͒ are being used as an active medium for commercial high brightness blue/green LEDs. 2 Blue/UV LDs operating at room temperature based on multiple quantum wells ͑MQW͒ of In x Ga 1 -x N/In y Ga 1 -y N (xϾy) have also been demonstrated recently. 3 However, the optical properties of InGaN and the nature of the optical transitions in InGaN QWs are not well understood. Needless to say, a better understanding of optical transitions in InGaN QWs is needed for the improvements of optoelectronic devices based on these materials. In this work, we have employed time-resolved photoluminescence ͑PL͒ measurements to study the mechanisms of optical transitions in InGaN/AlGaN SQW. Compared with InGaN/ GaN and GaN/AlGaN QW structures, 4 the InGaN/AlGaN QW structure provides more controlled parameters due to the fact that both the barrier and well materials are alloys, an enhanced photon confinement due to the larger difference in the indices of refraction between InGaN and AlGaN, and an enhanced carrier confinement due to the larger band offset.
II. SAMPLES
Unintentionally doped InGaN/AlGaN SQW samples used here were grown by metal organic chemical vapor deposition ͑MOCVD͒ in an atmospheric pressure vertical reactor. The structure of these InGaN/AlGaN SQW is shown schematically in Fig. 1 . Source gases used were ammonia (NH 3 ), trimethylgallium ͑TMG, Ϫ10°C͒, and trimethylaluminum ͑TMA, ϩ18°C͒ and ethyldimethylindium ͑EdMIn, ϩ10°C͒ was used as the carrier gas. Prior to the deposition of the SQW, a thin 100 Å AlN buffer layer was grown on a ͑0001͒ sapphire substrate at 700°C by atomic layer epitaxy ͑ALE͒. Next, a 0.1-m-thick Al y Ga 1 -y N (yϳ0.05) cladding layer was grown by MOCVD at 950°C, followed by a graded In x Ga 1 -x N layer deposited while the temperature was ramped down from 800 to 750°C. The active In x Ga 1 -x N was then grown at 750°C, followed by a 500 Å Al y Ga 1 -y N (yϳ0.05) upper cladding layer grown at 950°C to complete the structure. The thickness of the active In x Ga 1 -x N well is estimated to be about 50 Å, based on the growth rate and the transmission electron microscope ͑TEM͒ studies carried out on this material system. The value of x was estimated in the 20%-25% range as determined by x-ray diffraction studies on thicker In x Ga 1 -x N films. This range in the value of x is due to compositional nonuniformity across the wafer in our current ALE/MOCVD reactor. From these parameters, the energy band diagram of the InGaN/AlGaN single quantum well sample studied here can be constructed and is shown in Fig. 2 .
III. EXPERIMENT
For photoluminescence measurements, samples were attached to copper sample holders and placed inside a closedcycle He refrigerator with a temperature variation from 10 to 320 K. A temperature controller enabled us to stabilize the temperature to within 0.1 K. Photoluminescence spectra were collected in a reflecting mode. Excitation pulses of about 7 ps at a repetition rate of 9.5 MHz were provided by a cavity-dumped dye laser ͑Coherent 702-2CD͒ with Rhodamine 6G dye solution, which was pumped by an yttrium-aluminum-garnet ͑YAG͒ laser ͑Coherent Antares 76͒ with a frequency doubler. The output from the dye laser was a͒ Electronic mail: Jiang@Phys.ksu.edu frequency doubled again by a second frequency doubler to provide tunability in the UV region. The laser output after the second doubler has an average power of about 20 mW, a tunable photon energy up to 4.5 eV, and a spectral width of about 0.2 meV. The laser beam size on the sample was about 0.3 mm in diameter. A single photon counting detection system was used to record the time-resolved photoluminescence spectra. With the use of a microchannel-plate photomultiplier tube ͑MCP-PMT͒, the overall time resolution of the detection system was about 20 ps. The excitation intensity was controlled by a set of UV neutral density filters with different attenuation parameters D, and was thus proportional to 10 ϪD . Figure 3 shows the continuous-wave ͑cw͒ photoluminescence ͑PL͒ emission spectra of an InGaN/AlGaN SQW measured at Tϭ10 K. The main peak at about 2.8 eV results from the InGaN active well region and is predominantly due to the localized exciton recombination. An additional emission line with a much lower emission intensity and a narrower linewidth at about 3.62 eV is also evident in Fig. 1 , which results from optical recombination in the Al y Ga 1 -y N barrier layers. This assignment is based on the fact that the emission energy is consistent with the expected Al composition of about 0.05. Figure 4 shows the cw PL spectra measured at Tϭ10 K for five representative excitation intensities, I exc ϭ0.01, 0.1, 0.32, 0.63, and 1.0I 0 . These spectra have been normalized to the maximum peak intensity for each I exc for a better illustration. The overall spectral line shapes for different I exc are quite similar. However, it is clear that the peak position of the dominant band is shifted toward higher energies as excitation intensity increases. This observation is expected for a localized exciton recombination. In semiconductor alloys, excitons are localized in random potential wells induced by alloy disorder. At higher excitation intensities, lower energy states are more likely being occupied and consequently more excitons have to fill in higher energy states, which causes the shift of emission peak position toward the higher energies.
IV. RESULTS AND DISCUSSIONS
The PL emission intensity, I emi , of the dominant PL band near 2.8 eV at 10 K as a function of excitation intensity, I exc , has been measured. This is plotted in Fig. 5 . It is found that I emi increases superlinearly with excitation intensity, I exc , following a power-law form,
The solid curve in Fig. 5 is the least squares fit of the data with Eq. ͑1͒, where the fitted exponent ␤ is about 1.4. The superlinear increase of I emi with I exc has also been observed for the localized exciton recombination in InGaN epilayers, 5 in which the exponent ␤ is 2.6. The superlinear behavior seen here supports our interpretation that the main emission line in these InGaN SQW is of a predominantly intrinsic nature, i.e., localized exciton recombination. The smaller value of exponent ␤ seen here may be due to the presence of an impurity related transition which cannot be resolved spectroscopically from the localized exciton transition line due to the broad linewidth. In order to elucidate further the nature of the dominant emission line near 2.8 eV in InGaN/AlGaN SQW, we have employed a time-resolved PL to study its dynamical behavior. There have been a few prior measurements on timeresolved PL on similar systems, such as InGaN epilayers 5 and InGaN/GaN SQW. [6] [7] [8] The decay of the localized excitons in high-quality InGaN epilayers is exponential, while the PL in InGaN/GaN SQW under a strong excitation decays according to a bimolecular law due to the nature of the bandto-band ͑free electron-to-free hole͒ transition under such a condition. On the contrary, the decay of the PL emission band in InGaN/AlGaN SQW observed here is neither an exponential nor a bimolecular type. This is illustrated in Fig. 6 where the temporal responses of PL emission measured at 10 K for three representative emission energies together with a system response ͑20 ps͒ to the laser pulses are shown. The PL decay shown in Fig. 6 can be described very well by a two-exponential function, I͑t ͒ϭA 1 exp͑Ϫt/ 1 ͒ϩA 2 exp͑Ϫt/ 2 ͒, ͑2͒
where 1 and 2 are the recombination lifetimes for the faster and slower components, respectively. Across the entire emission band, PL decay kinetics can all be fit very well by Eq. ͑2͒ and the PL amplitude of the fast decay component A 1 is always greater than 90%.
In Fig. 7 , we plot the recombination lifetimes of the fast and slow decay components, 1 and 2 , as functions of emission energy. 1 is approximately constant in the range from 2.67 to 2.8 eV and then decreases from 0.7 to 0.4 ns as the emission energy increases from 2.8 to 3.05 eV and is comparable to the recombination lifetimes of the localized excitons in InGaN epilayers. 5 Localized excitons in semiconductor alloys can transfer from higher energy sites to lower energy sites with a relaxation rate that increases with an increase of emission energy. 6 Thus the observed decrease of 1 with increasing emission energy shown in Fig. 7͑a͒ is also expected for localized excitons. These results further support our interpretation that the main emission band in InGaN SQW is contributed predominantly by the localized exciton recombination. However, there is a second PL emission component (A 2 Ͻ10%) which has a recombination lifetime ( 2 ) ranging from 5.5 to 2.5 ns. The observed nanosecond recombination lifetimes of 2 suggests that this second emission component is of a band-to-impurity nature. Addition- ally, the emission energy dependence of the recombination lifetime 2 is also similar to that of a band-to-impurity transition seen previously in a GaN epilayer. 9 Furthermore, based on a previous theoretical model, 10 the asymptotic decay of the band-to-impurity recombination at longer times follows a power law, I(t)ϰt Ϫ␣ . We have replotted PL temporal responses in a double logarithmic scale and found that the PL decay at longer times indeed follows a power law with the decay exponent ␣ increasing with an increasing of the emission energy. A power law decay at longer times has been observed for a band-to-impurity recombination in p-type doped GaN previously. 11 This further supports our interpretation that the second slower decay component is due to a band-to-impurity recombination.
Finally, we have also obtained some preliminary results on recently grown InGaN/AlGaN SQW of higher quality, in which more than one emission peak can be clearly resolved in time-resolved PL spectra. This further corroborates our assignment. The dependence of 2 on emission energy at low temperatures suggests that the energy level of the impurity involved in the transition may have a distribution, which together with alloy disorder in InGaN causes the broad emission linewidth observed in the SQW investigated here. Additionally, interface roughness, dislocations caused by lattice and thermal coefficient mismatches between InGaN and AlGaN, and native defects may also contribute to the emission linewidth broadening, which further leads to the difficulties in resolving different emission lines in cw PL spectra.
The excitation intensity dependencies of the recombination lifetimes 1 and 2 have also been measured and are shown in Fig. 8 . Both 1 and 2 are almost constants when I exc is varied by two orders of magnitude. This suggests that the localized exciton recombination is always the dominant optical transition in InGaN/AlGaN SQW samples studied here.
V. SUMMARY
Mechanisms of optical transitions of InGaN/AlGaN SQW have been studied by time-resolved PL under different conditions. The dynamical behavior of the PL emission reveals that the main emission line in these SQW is due to the combination of the localized exciton and a band-to-impurity recombination. The spectral line shape and the recombination dynamics of the localized exciton and the band-to-impurity transitions have been systematically investigated at different conditions. 
